The total cross-section of 12 C(α, γ) 16 O was measured for the first time by a direct and ungated detection of the 16 O recoils. This measurement in inverse kinematics using the recoil mass separator ERNA in combination with a windowless He gas target allowed to collect data with high precision in the energy range E = 1.9 to 4.9 MeV. The data represent new information for the determination of the astrophysical S(E) factor. PACS. 25.55.-e 3 H-, 3 He-, and 4 He-induced reactions -26.20.+f Hydrostatic stellar nucleosynthesis
Introduction
The radiative capture reaction 12 C(α, γ) 16 O (Q = 7.16 MeV) takes place during stellar core helium burning [1] , where 12 C is produced by the triple-alpha process. The capture cross-section σ(E 0 ) at the relevant Gamow energy, E 0 ≈ 0.3 MeV for T ≈ 2 × 10 8 K, determines -together with the convection mechanism at the edge of the stellar core [2]-the abundances of carbon and oxygen at the end of helium burning. This, in turn, strongly influences the nucleosynthesis of elements up to the iron region for massive stars [2] and the composition of CO white dwarfs, whose progenitors are intermediate-and low-mass stars [3] .
A recent experiment confirmed that the reaction rate of the triple-alpha process is known with a precision of about 10% for temperatures near 10 8 K [4]. A similar precision is needed for the rate of 12 C(α, γ) 16 O to provide an adequate input for stellar models [5] . The remarkable experimental efforts over the last decades [6] [7] [8] [9] [10] [11] [12] [13] [14] focused on the observation of the capture γ-rays, including one experiment [9] that used the coincident detection of the 16 O recoils. Due to the low cross-section and various background sources depending on the exact nature of the experiments, γ-ray data with useful but still inadequate precision were limited to center-of-mass energies E cm = E = 1.0 to a e-mail: strieder@ep3.rub.de 3.2 MeV. At the low-energy range, the data were limited e.g. by cosmic-ray background and at the high-energy range the data were limited by intense background reactions such as 13 C(α, n) 16 O (for an α-beam experiment) and 12 C( 12 C, n) 23 Mg (for a 12 C beam experiment).
The cross-section σ(E 0 ) is expected to be dominated by p-wave (E1) and d-wave (E2) capture to the (J π = 0 + ) 16 O ground state. Two bound states, at 6.92 MeV (J π = 2 + ) and 7.12 MeV (J π = 1 − ), which correspond to subthreshold resonances at E R = −245 and −45 keV, appear to provide the bulk of the capture strength σ(E 0 ) through their finite widths that extend into the continuum. R-matrix analyses are performed, in order to model the energy dependence of the cross-section. In these analyses the contribution of each amplitude to the total crosssection is expressed in terms of a small number of resonances and a direct capture contribution. The parameters of the model are determined by a fit to the experimental data. The extrapolation to E 0 = 0.3 MeV is sensitive to the properties of the nearby levels, but it is sensitive also to the properties of the high-lying resonances, since their tails extend to low energy. The effect of these resonances is usually included by a single high-energy "background" resonance -one for each amplitude; these resonances are needed to obtain a good fit to the data.
Analyses of the available capture data together with data from the α-12 C elastic scattering and the β-delayed α-decay of 16 N still lead to large uncertainties in the extrapolation to E 0 [15]. This is partly caused by large errors, both statistical and systematic, affecting the lowenergy capture data, and partly due to the weak experimental constraints of the background resonances. Clearly, new measurements at low energies are needed. However, of equal importance are also new measurements at significantly higher energies, well above the range of the recent experiments, which may improve the experimental characterization of the background resonances and may thus reduce the uncertainty in the extrapolated astrophysical S factor S(E 0 ). There may exist even an s-wave capture (monopole E0) and significant capture amplitudes to excited 16 O states. Since the various capture amplitudes have different energy dependences, a better knowledge of the individual amplitudes requires new data at both low and high energies to provide an improved basis for their extrapolation to E 0 .
Equipment and setup
A new experimental approach (fig. 1) has been developed at the 4 MV Dynamitron tandem accelerator in Bochum, called ERNA = European Recoil separator for Nuclear Astrophysics [16] [17] [18] [19] [20] . In this approach, the reaction is initiated in inverse kinematics, 4 He( 12 C, γ) 16 O, i.e. a 12 C ion beam with a particle current of up to 10 µA is guided into a windowless 4 He gas target. A beam contamination in the order of 6 × 10 −10 16 O ions per incident 12 C projectile was found, by far too high for a direct detection of the 16 O recoils. Therefore, for the purpose of beam purification, there is one Wien filter before the analysing magnet (WF1, not shown in fig. 1 ) and one before the gas target (WF2); with this combination a beam purity better than 10 −18 could be achieved [16] . The windowless gas target -entrance and exit aperture of the gas cell with a diameter of 6 mm-includes an Ar post-target stripping system. After the gas target, the separator consists sequentially of the following elements: a quadrupole triplet (QT), a Wien filter (WF3), a quadrupole singlet (QS), a 60 • dipole magnet, a quadrupole doublet (QD4), and a Wien filter (WF4). The recoil separator suppresses the intense 12 C beam; the 16 O recoils in a selected charge state are then counted in a ∆E-E telescope placed at the end of the beam line. The ratio between leaky 12 C events detected in the telescope and the number of 12 C projectiles is in the range of 4 × 10 −11 at the high energy limit and 2 × 10 −13 at the lower limit. Additionally, a beam suppression factor of the telescope alone of 10 −3 -ratio of 16 O and leaky 12 C in the ∆E-E matrix (fig. 2 )-can be achieved leading to a total suppression factor of better than 5 × 10 −14 . ERNA is designed to study the reaction over the energy range E = 0.7 to 5.0 MeV. The detection of the 16 O recoils allows, for the first time, a direct measurement of the total cross-section of 12 C(α, γ) 16 O, including possible non-radiative transitions.
Experimental procedures
The number N16 O of recoils collected in the telescope is given by the relation
where N4 He and N12 C represent, respectively, the target number density and the number of projectiles impinging on the target, σ(E eff ) is the cross-section at the effective interaction energy E eff , T RMS is the transmission of ERNA for the recoils in the selected charge state of probability Φ R , and is the detection efficiency of the telescope. Therefore, σ(E eff ) can be determined with high precision, if all quantities in eq. (1) are known with high accuracy.
